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INTRODUCTION
Highly birefringent liquid-crystal composite volume gratings have been under investigation for many applications. The direction of propagation of a beam of light can be controlled with these elements by an external electric field, [1] [2] [3] [4] [5] [6] [7] [8] making them useful for applications such as time-delay networks, 7 beam modulation, and switching. 4, 8 The liquid-crystal composite is an attractive material for use in switchable diffraction gratings because the liquid crystal has a large, field-induced change of birefringence that results in large changes in refractive-index modulation and therefore large changes in diffraction efficiency. Typically, these gratings consist of liquid-crystal droplets dispersed in a polymer matrix. It has been observed that the diffraction efficiency of these gratings can exhibit interesting characteristics due to the birefringence of the liquid crystal. 9, 10 Until recently, however, the anisotropy of these volume gratings has been largely ignored in analyzing their diffractive properties. 10 In Sections 2 and 3 of this paper we present a comparison of the predictions of coupled-wave theories for isotropic and anisotropic volume gratings in order to illustrate the effect that the birefringence of the grating has on the diffractive properties. Furthermore, we present a detailed experimental analysis of the diffraction properties of highly birefringent liquid-crystal composite gratings in Section 4. We show that the effects of birefringence must be included in order to predict the diffractive properties of these gratings. In addition, from the theoretical fits to the experimental data we investigate the alignment of the liquid crystal within the composite grating.
TWO-WAVE COUPLED-WAVE THEORY OF ANISOTROPIC GRATINGS
Many materials used to record holographic volume gratings are anisotropic. There have been several theoretical treatments of how to analyze the diffraction from birefringent gratings. [11] [12] [13] [14] [15] [16] [17] Recently, Montemezzani and Zgonik 17 modified the coupled-wave theory of Kogelnik 18 to include the effects of optical anisotropy when volume diffraction gratings are fabricated with birefringent materials. Although the coupled-wave theory applies to volume gratings with any geometry, we will limit our discussion to the case of the unslanted transmission gratings. The grating is assumed to have a thickness d and a grating spacing of ⌳ with the z axis chosen to be perpendicular to the grating surface and the x axis in the plane of incidence and parallel to the grating vector. The incident light is assumed to be monochromatic and linearly polarized with free space wavelength o and wave vector k o ϭ 2/ o . The light is incident upon the grating at an angle ␣ 0 as measured inside the grating.
The relative permittivity, ⑀ J, is a tensor since the constituent materials are birefringent. We assume that the relative-permittivity tensor varies sinusoidally along the x axis and that the principal axes of the birefringent medium lie along the coordinate axes of the grating such that the relative permittivity is given by where ⑀ J 0 is the average relative-permittivity tensor, ⑀ J 1 is the relative-permittivity modulation tensor, and the grating vector has magnitude K ϭ 2/⌳ and points in a direction perpendicular to the grating planes.
We are interested in the case when the angle of incidence is nearly equal to the Bragg angle such that the wave vectors of the zeroth and first diffracted orders are related by
where 0 ϭ n 0 k o and 1 ϭ n 1 k o , n 0 and n 1 are the average refractive indices experienced by the zeroth-and firstorder diffracted waves, and ⌬k is the wave-vector mismatch that leads to a phase mismatch and is zero when the Bragg condition is satisfied. The electric field amplitudes in this work are assumed to be only functions of z. In addition, the grating periodicity forces the x component of the phase mismatch to be zero. Thus the coupled amplitude equations are given by 17 cos 0 dS 0
S 0 and S 1 are the amplitudes of the zeroth and first diffracted orders. 0 and 1 are defined to be the angles between the z axis and the energy-propagation direction of the zeroth-and first-order diffracted waves. Finally, the coupling constants are given by
where ê 0 and ê 1 are the polarization unit vectors. Also, g 0 ϭ cos ␦ 0 and g 1 ϭ cos ␦ 1 , where ␦ 0 and ␦ 1 are the walk-off angles between the energy-propagation direction and the wave-vector direction for the diffracted orders and are due to the average birefringence of the grating. The electric field amplitudes at the grating output are found by solving Eqs. (3) and (4) . The diffraction efficiency is then defined to be the ratio of the power flow in the first diffracted order normal to the surface at the grating output to the power flow in the incident beam normal to the surface at the grating input and is found to be
where the parameter governing the coupling is given by 2 ϭ
and the parameter governing the detuning is given by ϭ ⌬kd
The gratings considered in this work have diagonal relative-permittivity tensors, and the grating geometry provides for symmetric diffraction. Therefore in the case of small detunings from the Bragg angle, 0 ϭ 1 ϵ , n 0 ϭ n 1 ϵ n , and g 0 ϭ g 1 ϵ g.
The phase mismatch in Eq. (8) is found from the z component of Eq. (2) and is given by
Furthermore, we can relate the z component of a wave vector to the x component by
From Eq. (2) we find that the x components of the wave vectors are related by
where, for this work, the x component of the zeroth-order diffracted wave vector is related to the angle of incidence by
Equations (9)- (12) relate the phase mismatch to an angular detuning from the Bragg condition. Equation (6) has the same form as the result derived by Kogelnik 18 for the case of an isotropic grating with redefined coupling and detuning parameters. As we show below, these modifications can lead to significant differences in the predicted diffractive properties of volume diffraction gratings.
COMPARISON OF KOGELNIK THEORY AND TWO-WAVE COUPLED-WAVE THEORY OF ANISOTROPIC GRATINGS
In this section we discuss the primary differences between the theories of isotropic and anisotropic volume diffraction gratings. We begin by showing the results for both theories for the case when the angle of incidence is equal to the Bragg angle ( ϭ 0). For the case of an isotropic volume grating the theory derived by Kogelnik 17 predicts that the diffraction efficiency for s-polarized or p-polarized light is given by
where
and B is the Bragg angle within the isotropic grating. For the case of an anisotropic volume grating, the modifications of Montemezzani and Zgonik lead to a similar expression with the coupling coefficient given by Eq. (7) for any polarization.
There are two primary differences between the predictions of Kogelnik theory and those of Montemezzani and Zgonik. The first difference is that the angle B in Eqs. (14) and (15) is the angle between the grating normal and the wave-vector direction, whereas the angle in Eq. (7) is the angle between the grating normal and the energypropagation direction. The second difference is the ten-sor product in Eq. (7) . In order to illustrate the effects of these differences, we focus on the case of p-polarized light, since for the liquid-crystal composite gratings that we have studied experimentally, p-polarized light is highly diffracted, whereas s-polarized light is not diffracted.
We first consider a case in which the average relativepermittivity tensor is given by
and the relative-permittivity modulation tensor is given by
In this case the grating has an average birefringence with the optic axis along the x direction. However, the relative-permittivity modulation is isotropic. Figure 1 illustrates the relationship between the relevant unit vectors for the case of p-polarized light. We see that
where ϭ B ϩ ␦. Therefore Eq. (7) becomes
where n 1 eff ϭ 1 /2n g. Note that Eq. (20) is identical in form to Eq. (15) with a new definition of angle and refractive-index modulation. Figure 2 shows the theoretical prediction of diffraction efficiency as a function of refractive-index modulation assuming that the angle of incidence is equal to the Bragg angle. The solid curve was calculated with Kogelnik theory, and the dashed curve was calculated with twowave birefringent theory. The parameters used in the anisotropic theory calculation were d ϭ 10 m, ⌳ ϭ 0.5 m, o ϭ 0.6328 m, 0 1 ϭ 2.89, and 0 3 ϭ 2.25, and we assumed that the grating was surrounded on all sides by a material with refractive index 1.5. These parameters yield an average refractive index of 1.67, an internal Bragg angle of 22.3°, and a walk-off angle of 5.5°. The same parameters were used in the Kogelnik calculation, but now the grating was assumed to be isotropic with an average refractive index equal to 1.67. From the figure we see that the curve calculated by use of anisotropic grating theory is shifted relative to the Kogelnik prediction. This shift is in the expected direction since the angle that the Poynting vector makes with the grating normal is larger when the anisotropy is included in the calculation, thereby reducing the effective coupling constant.
Refractive-index modulation is not always a convenient parameter to vary in analyzing anisotropic gratings. If the components of the relative-permittivity modulation tensor are not identical, then refractive-index modulation is not a well-defined quantity. Furthermore, in the next section we utilize measurements of diffraction efficiency as a function of Bragg angle in order to obtain information about the physical properties of liquid-crystal composite gratings. Therefore we consider theoretical calculations of diffraction efficiency as a function of Bragg angle in the present discussion to further illustrate the differences between the predictions of Kogelnik theory and the two-wave anisotropic volume grating theory. Figure 3 shows the theoretical prediction of diffraction efficiency as a function of Bragg angle as measured outside of the grating (external Bragg angle). The solid curve was calculated with the Kogelnik theory, and the dashed curve was calculated with the two-wave anisotropic grating theory. The parameters used in the anisotropic theory calculation were d ϭ 10 m, ⌳ ϭ 0.5 m, 0 1 ϭ 2.89, 0 3 ϭ 2.25, and 1 Ј ϭ 0.15, and we assumed that the grating was surrounded on all sides by a material with refractive index 1.5. The same parameters were used in the Kogelnik calculation, but now the grating was assumed to be isotropic (walk-off angle was ignored) with an average refractive index that was calculated at each Bragg angle with the assumed values for the average relative-permittivity tensor. From the figure we see that the curve calculated with the anisotropic grating theory has the same shape as the curve calculated with the Kogelnik theory. Once again, the two curves are shifted with respect to each other due to the walk-off angle. Now we consider the effects of an anisotropic relativepermittivity modulation tensor. As a test case, we assume that the average relative-permittivity tensor is given by (21) and the relative-permittivity modulation tensor is given by
In this case the grating has no average birefringence, but the relative-permittivity modulation is anisotropic. The minus sign in Eq. (22) indicates that a p-polarized wave propagating in the z direction will experience a grating that is 180°out of phase with the grating experienced by a p-polarized wave propagating in the x direction. Because the average birefringence is zero, the energypropagation direction and the wave-vector direction are the same. Thus the unit vectors for p-polarized light are
and Eq. (7) becomes
where n 1 eff ϭ 1 /2n 0 and n 0 ϭ 0 1/2 . In this example, the anisotropy of the relativepermittivity modulation tensor leads to a dramatically different result than that predicted by Kogelnik. The modification to the coupling between the waves leads to an effective enhancement of the coupling for p polarization. Figure 4 shows the theoretical prediction of diffraction efficiency as a function of external Bragg angle. The solid curve was calculated with the Kogelnik theory, and the dashed curve was calculated with the two-wave anisotropic grating theory. The parameters used were d ϭ 10 m, ⌳ ϭ 0.5 m, o ϭ 0.6328 m, 0 ϭ 2.25, and 1 ϭ 0.15, and we assumed that the grating is surrounded on all sides by a material with refractive index 1.5.
The Kogelnik theory predicts that the diffraction efficiency is zero for p-polarized light at an internal Bragg angle of 45°independent of the grating thickness or refractive-index modulation. It is interesting to note that two-wave birefringent theory modifies this prediction in both of the examples discussed above. This modification is particularly apparent for the case of an anisotropic relative-permittivity modulation tensor where the diffraction efficiency is at a peak at this angle.
In the next section we apply these theories to the specific case of liquid-crystal composite gratings. As we will show, the anisotropic grating theory must be used to predict the diffractive properties of these gratings.
EXPERIMENTAL RESULTS
The diffractive properties of an anisotropic volume grating can be strongly dependent upon the relativepermittivity modulation tensor as was discussed in Section 3. Therefore by studying the diffractive properties of the gratings, we can gain information about the form of the relative-permittivity tensor for the liquid-crystal composite gratings considered in this work.
The liquid-crystal composite gratings that we have characterized by studying the diffraction properties as a function of angle are polymer-dispersed liquid-crystal (PDLC) gratings that are recorded with photoinduced phase separation. The prepolymer mixture used to fabricate the gratings is similar to those used by Sutherland et al. 19 The prepolymer mixture consisted of a multifunctional acrylate mixture, the nematic liquid crystal E7, a photoinitiator dye, and a coinitiator. The prepolymer mixture was contained in glass cells with a thickness of 10.9 m fabricated with indium tin oxide coated glass. Volume phase gratings were recorded with a period of 547 nm by exposure of the prepolymer mixture to the interference pattern produced by two plane waves of wavelength 514 nm. Each of the plane waves subtended an angle of 28°from the recording plane normal and were incident symmetrically upon opposite sides of the normal. The photocuring of the monomer takes place through free radical polymerization that results in monomers diffusing to the high-intensity regions and liquid-crystal diffusing to the low-intensity regions of the interference pattern. The phase separation results in a refractive-index modulation that leads to a high diffraction efficiency. The gratings studied in this work were fabricated with 30% by weight liquid crystal.
In order to characterize the composite gratings we measured the diffraction efficiency as a function of angle for many different wavelengths. The Bragg condition is given by sin B ϭ o /2n o ⌳. From this relation we can see that each wavelength will have its own Bragg angle. Thus by measuring the diffraction efficiency at many different wavelengths, we are effectively probing the composite medium at many different Bragg angles. As discussed in the previous section, this set of measurements is a sensitive probe of the relative-permittivity modulation tensor and therefore of the liquid-crystal alignment. For these measurements the liquid-crystal composite grating was sandwiched between two BK7 prisms. The prism coupling was used so that the Bragg angle could be accessed for a wide range of wavelengths. The angle within the prism is defined to be the angle that the incident beam makes with the grating normal at the prismsample interface.
The light sources used in this experiment were an argon-ion laser operating at 0.5145 m, helium-neon lasers operating at 0.6328 m and 1.125 m, semiconductor lasers operating at 0.780 m, 1.298 m, and 1.552 m, a Nd:YAG laser operating at 1.06 m, and a Ti:sapphire laser operating between 0.830 m and 0.900 m. Figure 5 shows the experimentally measured values for the normalized diffraction efficiency for p-polarized light at the Bragg angle for each wavelength. Measurements were made both for the case of zero applied field (circles) and for the case of an applied field of 45 V/m (squares). The diffraction efficiency for s-polarized light is near zero for all wavelengths and is not shown. A striking feature of the data is that the diffraction efficiency at a Bragg angle of 45°is not equal to zero for either the field-on or field-off case. If the grating were isotropic (i.e., not birefringent) the diffraction efficiency at 45°would be zero independent of all other grating parameters.
The diffraction properties of the liquid-crystal composite grating are characteristic of a highly anisotropic grating. The diffraction efficiency for s-polarized light is approximately zero for all the Bragg angles studied, and for the zero-field case high diffraction efficiency is observed for p-polarized light. Therefore we conclude that the refractive-index modulation for p-polarized light is much higher than for s-polarized light, which indicates that the directors of the liquid-crystal molecules are aligned predominately parallel to the grating vector. To theoretically model the diffraction of these highly anisotropic gratings, we have used the coupled-wave theory developed by Montemezzani and Zgonik. 17 To develop a model we make some assumptions about the composite grating. We assume that the grating has regions of high liquid-crystal droplet concentration separated by solid polymer regions. This assumption is supported by scanning electron microscopy studies of Pogue et al. 20 The polymer region is assumed to contain no liquid-crystal droplets. However, some liquid crystal can remain trapped in the polymer matrix. This trapped liquid crystal is randomly aligned and is not free to rotate with the applied electric field. In conventional PDLC materials approximately 20% of the liquid crystal can remain in the polymer matrix and does not phase separate out into the droplets. 21 Taking into account the trapped liquid crystal, the index of refraction of the polymer region is given by
where c is the volume concentration of the liquid crystal, n p ϭ 1.49 for the polymer we have used in this work, and n iso ϭ 1.597, which is the three-dimensional average index of refraction of E7 liquid crystal. The other region of the grating structure consists of the polymer containing a volume fraction of liquid-crystal droplets. The refractive index of this region is given by
where f is the filling fraction of the liquid-crystal droplets and n P(LC) is the index of refraction of the polymer matrix.
We obtain values for the two unknowns n P(LC) and f by measuring the diffraction efficiency of the composite grating at a temperature of 70°C, which is above the clearing temperature of the E7 liquid crystal. At this temperature the liquid crystal contained in the droplets is in the isotropic state with an index of refraction of n iso ϭ 1.570. The average refractive index of the grating can be calculated from the weighted average of the refractive index of the pure polymer (n p ϭ 1.49) and the concentration and index of refraction of the isotropic liquid crystal in the solution. For the gratings studied in this work the solutions contained 30% E7 liquid crystal. Therefore the average index of refraction of the gratings for temperatures above the clearing temperature is approximately n 0 ϭ 1.514. The indices of refraction of the constituent materials of the grating depend on temperature. This has been accounted for in the case of the liquid crystal but not for the polymer since data were unavailable.
The refractive-index modulation is obtained by comparing the measured diffraction efficiency of the grating to the predictions of coupled-wave theory derived by Kogelnik. 18 This theory can be used since at this temperature the material is not birefringent. The diffraction efficiency was measured at o ϭ 632.8 nm to be s ϭ 23% for s-polarized light and p ϭ 11.8% for p-polarized light. Comparing these values to theory, we estimate the refractive-index modulation to be n 1 ϭ 0.0085.
Once the average refractive index and the refractiveindex modulation are known, the filling fraction and polymer index can be found with Eqs. (26), (27),
where a sinusoidal refractive-index profile is assumed. The refractive index of the polymer-rich region that we obtain is n P(LC) ϭ 1.511. From this value we estimate that the volume concentration of liquid crystal that remains dissolved in the polymer is c ϭ 19.4%. The filling fraction for the liquid-crystal droplets that is obtained is f ϭ 26.4%. These parameters are then used to theoretically describe the diffraction properties of the grating at temperatures below the clearing temperature of the liquid crystal where the liquid crystal contained in the droplets is in the nematic state. From the characterization of the gratings at high temperature we obtain information about the concentration of the liquid crystal trapped in the pores of the grating. At lower temperatures the liquid crystal contained inside the droplets is highly ordered, which leads to the high diffraction efficiency and useful switching properties. To describe the grating in the highly birefringent limit, the ordering of the liquid crystal must be included, and the relative-permittivity modulation tensor must be used in the calculation. The symmetry of the unslanted grating geometry that we have studied, along with the fact that we observe no coupling between s-and p-polarized light, leads us to assume that the average-permittivity tensor and the relative-permittivity modulation tensor are diagonal. In addition, for these composite gratings the diffraction efficiency for s-polarized light is zero and the diffraction efficiency for p-polarized light is high for the zerofield case. This indicates that s-polarized light predominantly experiences the ordinary refractive index of the liquid crystal that is nearly index matched to the polymer matrix. Therefore the liquid crystal trapped in the droplets must have an overall alignment in the x direction. For the calculation we assume the limiting case of an order parameter of unity, which means that the liquid crystal inside the droplets is highly ordered. An order parameter less than unity is likely to occur for this material system. 21 The effects of this reduction in order parameter are under investigation, and the results will be reported elsewhere.
The solid curve in Fig. 5 represents the calculation for the case when no external electric field is applied to the grating. For this case when the liquid crystal is aligned along the x direction, the parameters used in the theoretical calculation are 0 x ϭ 2.378, 0 z ϭ 2.287, 1 x ϭ 0.096, and 1 z ϭ 0.0045. The dashed curve in Fig. 5 is calculated for the case when a saturating field is applied to the grating in the z direction. The liquid crystal trapped in the droplets is forced to align along the applied field. For the calculation the parameters used for this case are 0 x ϭ 2.287, 0 z ϭ 2.378, 1 x ϭ 0.0045, and 1z ϭ 0.096. The calculated theoretical curves were found to be insensitive to the effects of dispersion of the liquid crystal. Furthermore, the dispersion of the polymer, which is unknown at this time, would tend to reduce the effects of the liquid-crystal dispersion on the theoretical curves. Therefore the dispersion of the constituent materials of the grating has been ignored.
From Fig. 5 we see that the theoretical prediction is in good agreement with the experimental measurements. This fit was obtained by the polymer refractive index and the droplet fill fraction obtained at temperatures above the clearing temperature. These parameters that indicate the liquid-crystal distribution were used without adjustment to model the diffraction at room temperature, where the liquid crystal contained in the droplets was in the nematic state. The high quality of the theoretical fit supports the assumptions that approximately 20% of the liquid crystal remains trapped in the polymer matrix and that the liquid crystal that is in the droplets is highly aligned along the x direction for the zero-field case and aligned along the z direction for the case of a saturating field.
CONCLUSION
In summary, we have found that the differences between theoretical calculations that include the effects of optical anisotropy and those that do not can be quite dramatic. This is especially evident for the case of a material for which the relative-permittivity modulation tensor is anisotropic. Any wave incident upon the grating can be decomposed into an ordinary wave and an extraordinary wave. The ordinary and extraordinary waves experience different effective refractive-index modulations, and therefore the coupling between the waves within the grating are modified. This difference can lead to a significant change in the diffractive properties of the anisotropic hologram.
The polymer-dispersed liquid-crystal gratings have proven to be an excellent testing ground for the two-wave coupled-wave theory of anisotropic volume gratings. This system is unique in that the grating is isotropic at high temperatures and is highly birefringent at temperatures lower than the clearing temperature of the liquid crystal. Thus we have been able to verify that the anisotropic grating theory is able to predict the diffractive properties of this composite grating system. Furthermore, we have shown that this theory can be used to provide information about the alignment of the liquid crystal within anisotropic volume gratings.
